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We have found the cross-phase modulation ~XPM! for cross-polarized beams to be equal to the
self-phase modulation ~SPM! in bulk AlGaAs semiconductor waveguide at photon energies lower
than half the band gap. For multiple quantum well ~MQW! waveguide the ratio of the cross-phase
modulation coefficient to the self-phase modulation coefficient is approximately one for the pump
polarized perpendicular to the well plane ~TM! and one-half for pump beams in the plane of the
wells ~TE!. © 1995 American Institute of Physics.

The relative value of cross-phase modulation ~XPM! to
self-phase modulation ~SPM! plays a very important role in
many applications of the nonlinear optics such as polarization switching, demultiplexing, and soliton steering etc.1–3
The third order nonlinearity of AlGaAs, both in bulk and
MQW form, is not optically isotropic by virtue of crystal
symmetry. Hence, we do not expect the usual 2/3 for the
ratio of XPM to SPM which is obtained in glass fibers.4 Here
we present results on XPM obtained with cross-polarized
pump and probe beams of the same wavelength in AlGaAs
channel waveguides. Because the waveguides support two
orthogonal polarized modes with different propagation velocities and because there was no measurable scattering between the two modes, it was possible to cleanly separate the
pump and probe beams at the output. This situation is different from experiments in bulk media with cross-polarized
beams in which the resultant field is a vectorial sum of the
two beams.
The experiment was done with a color center laser producing 5 ps pulses at 1555 nm and an optical spectrum analyzer to measure the spectral broadening. The bulk
Al0.18 Ga0.82 As channel waveguides used were described in
detail in Ref. 2. The MQW samples had 3 nm thick GaAs
wells, separated by 20 nm thick barriers. In order to move
the exciton features towards the visible it is necessary to use
such narrow wells and consequently thick barriers to prevent
coupling between the wells. All waveguides were single
mode for both polarizations and had a band gap of 750 nm so
that two photon absorption was minimized and could be considered negligible. Both samples were ;1.5 cm long. To
evaluate the relative XPM we measured the spectral broadening of both the pump beam and a weak, orthogonally polarized, probe beam. First the SPM was measured, and then a
polarizer was used after the sample to eliminate the pump
a!
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beam for the XPM measurement. The probe power was kept
well below 10% of the pump power, thus the SPM on the
probe was negligible. The experiments were performed with
both TE and TM polarized pump beams.
The spectral broadening obtained with a TE pump in a
bulk waveguide is shown in Fig. 1. In order to deduce the
ratio R5XPM/SPM from these data it was necessary to
model the XPM and SPM processes with a simple program
based on the beam propagation method. The modeling consisted of the integration of the two propagation equations
shown below
dE
n 2k 0 2
52 a /2E1i
uEu E
dz
A eff
dE p
n 2k 0
52 a /2E p 1iR
uEu2E p ,
dz
A eff
where E and E p are the pump and probe fields, respectively,
and are expressed in AW,n 2 is the nonlinear index of refrac-

FIG. 1. Pump and probe spectra for the bulk waveguide. Pump ~TE! SPM
~long dash!, probe ~TM! XPM ~solid!, and theoretical fit ~short dash! using
a ratio R50.95.
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tion, A eff is the effective area, a is the linear loss which is
assumed identical for both polarizations. When using picosecond pulses in AlGaAs the effect of group velocity dispersion can be neglected for our sample lengths and, for the
power used here, there was no significant two and three photon absorption present. Furthermore, the birefringence in
both cases was large enough so that the four-wave mixing
terms proportional to exp @ 2i( b TE – b TMz # ~where the b’s are
the propagation wave vectors! produce negligible polarization conversion, therefore these effects were not included in
the modeling.5,6 The effect of walkoff could also be neglected because of the long ~5 ps! pulse used in the experiment. The polarization walkoff is less than 100 fs according
to effective index calculations. The input field was assumed
to have a Gaussian envelope because that shape fitted the
data better than a sech pulse shape. A theoretical fit ~short
dashed line! to the probe frequency spectrum ~solid line! is
shown in Fig. 1. It can be clearly seen that the broadening of
the probe and of the pump pulses are similar, thus indicating
that R is essentially equal to unity. The ratio R50.95 was
obtained from a best-fit to data at many different input intensities. Essentially the same result was obtained for a TM
polarized pump beam and TE polarized probe. It is important
to note that for a broadening such as that shown in Fig. 1, the
shape of the spectra ~in particular the center dip! is extremely
sensitive to the ratio R which allows us to reduce the uncertainty of our estimate to less than 0.05. The main source of
the remaining uncertainty is the location of the zero time
delay point in the experiment.
To eliminate the possibility that the measured broadening of the probe spectra contained a contribution due to polarization leakage from the pump beam, we chopped the
probe and used lock-in detection to measure the broadening
of the chopped signal only. Again, we found the ratios to be
the same. We have also delayed the probe compared with the
pump and saw that for large delays that there was no broadening. Furthermore, the spectra of the probe for different
time delays clearly shows the asymmetry corresponding to a
cross-phase modulation process as shown in Fig. 2~a!. Figure
2~b! shows a numerical simulation and it can clearly be seen
that the agreement is excellent. In this simulation, the
walkoff, the linear, two- and three-photon absorption were
neglected. ~The influence of the linear loss is simply to increase the input power required.! The pulse width was 5 ps
and the value of n 2 is 1.1310 213 cm2/W. The power was
adjusted to obtain the same spectra at zero delay.
We also measured the ratio of XPM to SPM in MQW
waveguides. In this case, the linear birefringence between the
two polarizations was much larger than for the bulk AlGaAs
samples.5 When the pump was polarized perpendicular to the
plane of the QWs ~TM!, we found essentially the same result
as for the bulk waveguides, R5160.05. The results and
fit are shown in Fig. 3. However, for the XPM with a TE
polarized pump, shown in Fig. 4, a ratio of 0.560.05 was
found. Such a difference is not surprising because our previous measurements of the SPM dispersion of the TM mode
have shown well-defined structure associated with excitons
whereas the SPM dispersion for the TE mode was relatively
featureless and resembled the bulk case.7 This difference is
Appl. Phys. Lett., Vol. 67, No. 6, 7 August 1995

FIG. 2. Probe spectra as a function of time delay between the pump and
probe. ~a! Experimental data, ~b! numerical simulation.

due to the different, polarization sensitive, selection rules for
two-photon processes versus single photon processes.8
In conclusion, we have shown experimentally that the
XPM is equal to the SPM in bulk AlGaAs waveguides at
photon energies below half the band gap for both TE and TM

FIG. 3. Pump ~TM! and probe ~TE! spectrum for the MQW waveguides.
Pump SPM ~long dash!, probe XPM ~solid!, and theoretical fit ~short dash!
using a ratio R51.0.
Villeneuve et al.
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not aware of any other materials which satisfy this condition
for an ultrafast Kerr nonlinearity. It is not a consequence of
crystal symmetry. With such a material it should be possible
to investigate Manikov solitons.9 Another application requiring this special property is the application of ‘‘light bullets’’
for optical logic.10
At CREOL this research was supported by the National
Science Foundation. In the United Kingdom the work was
supported by EPSRC, and in Canada by NSERC and FCAR.
1

FIG. 4. Pump and probe spectrum for the MQW waveguides with TE polarized pump and TM polarized probe. Pump SPM ~long dash!, probe XPM
~solid!, and theoretical fit ~short dash! using a ratio R50.525.

polarization as well as for TM pump ~TE probe! in AlGaAs/
GaAs MQW waveguides. However, the XPM is roughly half
the SPM in MQW waveguide for TE pump. A ratio of unity
between the SPM and XPM coefficients is unique and we are
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